A naturally luminescent bacterium, Vibrio harveyi, and two bacteria, Escherichia coli and Pseudomonas fluorescens, which had been genetically marked with luminescence were starved in liquid medium at 4 and 30°C for 54 days. 
acridine orange staining, dilution plate counting, and direct viable counting, respectively, and population activity was measured by luminometry. V. harveyi became nonculturable but maintained viability during starvation at 4°C and maintained both culturability and viability at 30°C. In contrast, E. coli became viable but nonculturable during starvation at 30°C but not at 4°C. Luminescence A major problem in assessing microbial numbers in natural environments is the entry of cells into a viable but nonculturable state (18) . This is of particular importance for assessment of pathogens such as Vibrio cholerae (6, 25) and Vibrio vulnificus (13, 16, 24) , which may be undetectable by standard techniques that require cultivation on laboratory media but which remain viable and possibly pathogenic (see reference 15) . The formation of viable but nonculturable cells is also of significance for risk assessment following environmental release of genetically modified microorganisms, which may be undetectable by traditional enumeration techniques but still capable of activity and gene transfer (6) .
In pure culture systems, entry of cells into the viable but nonculturable state is determined by comparing numbers of CFU with those of viable microscopic counts. Culturable cells are determined by dilution plate counts on laboratory media, and total cell counts are determined by using acridine orange or other suitable stains. The number of viable or active cells is determined with activity stains [e.g., 2-(4-iodophenyl)-3-(4-nitrophenyl)-5 phenyltetrazolium chloride] or by the direct viable count (DVC) method of Kogure et al. (12) (7, 9, 17, 19, 20) . In addition, luminescencebased techniques provide information on the spatial distribution of marked cells (19) (20) (21) , and in situ activity and potential activity may be determined with luminometry (14) . In naturally occurring luminescent organisms (e.g., V harveyi), luciferase synthesis is under autoinducible regulation, which may be achieved in marked organisms by incorporation of the complete lux cassette. Constitutive production of luciferase requires removal of luxIR genes and substitution of a constitutive promoter for expression of the luciferase structural genes, luxAB. Removal of the luxCD or -E gene prevents synthesis and recycling of the aldehyde substrate for luciferase, providing a semiinducible system for luminescence, with maximal light output after exogenous addition of n-decyl aldehyde.
The aim of this study was to evaluate the suitability of luminescence-based techniques for detection of (Fig. la) . Dilution plate counts decreased to 12 cells ml-l by day 11 and continued to decrease, falling below the level of detection (0.5 cell ml-') by 25 days.
Luminescence decreased to background levels within 7 days but then increased above background between 7 and 19 days and between 42 and 54 days. Entry into the viable but nonculturable state was accompanied by morphological changes, with apparent vacuolation and changes in cytoplasmic structure. V. harveyi survived well at 30°C and total counts, DVCs, and dilution plate counts did not vary significantly during incubation for 54 days (P < 0.05) (Fig. lb) . Population activity, measured by luminescence, decreased to background levels by the first sampling point (4 days) and subsequently remained at or slightly above this level (Fig. lb) .
In contrast to V harveyi, E. coli HB1O1(pFAC510) cells 10000000 1000000j 10.
(a) at 30°C (Fig. 3b ) and increased to 50 to 200 RLU during incubation at 4°C (Fig. 3a) .
Reactivation of starved cells. A preliminary experiment was performed to compare the kinetics of reactivation measured by changes in luminescence and changes in cell length as determined in the DVC enumeration technique. Late-log-phase E. coli HB101(pFAC510) cells were washed and resuspended in 15 mM phosphate buffer in the presence and absence of yeast extract and nalidixic acid and incubated at room temperature. In the absence of yeast extract, neither luminescence nor cell length varied significantly during incubation for 8.25 h (Fig. 4) limit (0.5 cells ml-') after 24 days (Fig. la) , although a small number (< 15) of culturable cells may have been present in the 30-ml sample. Reactivation was carried out after starvation for 19 and 34 days, by incubating with yeast extract at room temperature and 30°C, respectively. After starvation for 19 days, luminescence from all cultures at all sampling times was detectable above background levels. Standard errors of means from triplicate samples from each flask were always less than 10% of the mean, and all were significantly greater (P c 0.05) than background levels from uninoculated flasks. Luminescence by culturable cells increased significantly after 4 h of incubation, had doubled by 9 h, and increased further during subsequent incubation up to 24 h (Fig. 5a ). Although activity of nonculturable cells was detectable by luminometry, statistically significant increases in luminescence did not occur during incubation for 9 h and increased in one flask only after incubation for 24 h. Pearson correlation coefficients between luminescence and time were significant (P ' 0.05) for culturable (0.98 and 0.91 for duplicate flasks) but not for nonculturable (0.11 and -0.42) cells. Therefore, the activity of nonculturable cells was detectable by luminometry, but their activity was not increased by incubation with yeast extract. Statistically significant differences were not detectable between initial and final average lengths of nonculturable cells following incubation for 6 h at room temperature (Fig. 5b) When cells of V harveyi starved for 34 days were reactivated at 30°C, changes in both luminescence and cell length were detectable. Luminescence of both culturable and nonculturable cells was always significantly greater than background levels. Luminescence increased in all cultures after incubation for 4 h, reaching a maximum for culturable cells after incubation for 9 h, with overall increases of approximately 3 orders of magnitude (Fig. Sc) . Luminescence decreased between 9 and 24 h but was still more than 10-fold greater than initial values. tion for 9 and 24 h, respectively. Lengths of culturable and nonculturable cells did not differ significantly and increased, after a lag period of 1.5 h, by approximately 50% at 7.5 h (Fig.  5d) (Fig. 6a) . Luminescence of nonculturable cells was always greater than background levels, reaching values of 7.7 (standard error of the mean, 0.5) RLU and 12.75 (standard error of the mean, 2.95) RLU after 8 and 24 h, respectively.
Pearson correlation coefficients were 0.69 and 0.55 and were statistically significant (P -0.5). Final values were significantly greater than initial values and were too great to be accounted for by growth or activation of the proportion of the population which had remained culturable. Mean cell length did not double within 8 h, indicating no significant growth. Luminescence by culturable cells (10 cells ml-1), calculated using the value of 0.0015 RLU cell-, would produce 0.15 RLU, approximately 10% of that observed. Although culturable cells may have contributed to luminescence, most resulted from activation of nonculturable cells, and both activity and increases in activity of nonculturable cells were detectable. The mean length of culturable cells increased by 79% during incubation for 8.25 h, but lengths of nonculturable cells did not increase significantly during this period (Fig. 6b) . Thus, after starvation for 34 days and incubation with yeast extract at room temperature, the activity of nonculturable cells was detectable by luminometry but not by increases in cell length.
Reactivation at 30°C of cells starved for 40 days showed a pattern similar to that described above. Luminescence of culturable cells was approximately 1,000 RLU after incubation for 1.5 h (Fig. 6c) , equivalent to 0.01 RLU cell-1, an order of magnitude greater than after incubation at room temperature, but final luminescence values after 24 h showed no significant difference. Luminescence from nonculturable cells was always significantly above background levels and could not be accounted for solely by activity of culturable cells, which was no greater than I RLU. Changes in cell length at 30°C indicate a doubling time of 4 h at 30°C, and growth of 102 cells at this rate would lead to a maximum luminescence value of 4 RLU, again significantly less than that observed. Although luminescence was more variable than for culturable cells, activation was easily detectable and by 9 h increased by 1 order of magnitude. Significant changes in lengths of culturable cells were observed after 1.5 h, with 2.5-fold increases after incubation for 7 h (Fig.  6d) (Fig. 7a) . Cells starved at 30°C were initially less active but showed no lag in activation and luminescence increased continuously, reaching values similar to those for cells starved at 4°C after 8.25 and 24 h. No distinction could be made between changes in lengths of cells starved at 4 or 30°C. After a lag period of 4 h, cells in all cultures increased in length to values between 1.5-and 1.9-fold greater than initial lengths (Fig. 7b) .
Changes in luminescence for cells starved and activated at 4°C were similar to those after activation at room temperature (Fig. 7c) Although luminescence measurements were more sensitive and convenient, they are limited to marked organisms, unlike DVC and other activity techniques which may be applied more widely. In addition, luminometry provides information on the bulk activity of a population, rather than the proportion of active cells within a population, although this information may be obtained by simultaneous use of charge-coupled device imaging of single cells (21) . The most important advantage of luminescence-based measurement of activity is selectivity. In terrestrial and freshwater environments, background luminescence is negligible. The activity of luminescence-marked organisms may therefore be measured following their introduction into these natural environments, enabling selective assessment of their in situ activity and of changes in activity following nutrient amendment in the presence of the indigenous population. Selective viable cell enumeration can also be used to assess the size of culturable populations. The demonstration that activity of nonculturable cells may be detected by luminometry provides, for the first time, the potential to assess the activity of nonculturable populations of specific, marked, genetically modified microbial inocula and marked pathogens in the environment. This will facilitate quantification of their contribution to microbially mediated processes, compared with culturable organisms, and investigation of the environmental factors involved in entry into, and recovery from, the viable but nonculturable state. This is in contrast to other molecular markers, which have generally been used for viable cell enumeration only, requiring laboratory cultivation, and have not enabled in situ and nonextractive assessment of microbial activity.
